Abstract: Soil organic carbon (SOC) changes slowly, and final management influences can be measured only after decades. Analysis of archived samples from a site established on grassland in 1911 showed that SOC, under wheat systems, approached steady state after several decades, and that its amount reflected the inputs of residue C.
Introduction
Soil organic carbon (SOC) plays an important role in sustaining productivity of farmlands because of multiple physical, chemical, and biological benefits. Aside from immediate yield benefits, SOC also enhances soil biodiversity, promotes de-toxifying functions of soil, and helps to regulate climate by withholding carbon from the atmosphere. Consequently, SOC content has been tied closely to soil health (Oldfield et al. 2015) .
Soil OC concentration is responsive to cropping practices, but changes are often slow so that final effects can be ascertained only after many decades. Here, we report changes in surface SOC in a wheat-based experiment from archived samples spanning more than a century. This experiment is unique not only in its longevity but also because it dates back to the original cultivation of native prairie, and thus captures the effect of land use change as well as the influence of subsequent management.
Materials and Methods
The experiment, as described earlier (Smith et al. 2015; Karimi et al. 2017) , was established in 1911 on recently broken land at the Agriculture and Agri-Food Canada Research and Development Centre at Lethbridge, Alberta, on land previously under prairie (predominantly blue grama (Bouteloua gracilis); needle and thread (Hesperostipa comata); Sandberg bluegrass (Poa secunda); western wheatgrass (Pascopyrum smithii), and June grass (Koeleria cristata)) (Johnston 1957) . The experiment currently consists of six large plots (277 m × 23 m), one for each phase of three rotations: rotation A (continuous spring wheat (W) (Triticum aestivum L.)), rotation B (fallow-wheat (FW)), and rotation C (fallow-wheat-wheat (FWW)). All plots were unfertilized until 1967, when a nitrogen (N) fertilizer treatment (45 kg N ha −1 as ammonium nitrate) was first applied to a strip running the length of each plot. Beginning in 1972, a phosphorus (P) fertilizer treatment (20 kg P ha −1 as triple super phosphate) was initiated, creating a factorial of four fertilizer treatments (2 N rates (N 0 , N 45 ) × 2 P rates (P 0 , P 20 )) within each main plot. The experiment includes two sets of plots, maintained under similar agronomic conditions: the larger Rotation plots, intended for collection of yield and agronomic data, and the smaller Chemist plots, intended for collection of soil samples (Janzen 1995) . Soil samples were obtained on roughly decadal intervals, initially from the chemist plots and later also from rotation plots. Results reported here are from the chemist plots and rotation plots , as described in Karimi et al. (2017) . Values reported for 1953 are means from the corresponding plots. The soil samples were airdried and stored in glass jars or plastic-lined paper bags at room temperature. The sampling method and pattern has varied over the decades. For recent measurements, samples were taken using a 7.6 cm diameter Giddings truck-mounted probe along four (2016) and five (2003 and 2011) sample lines yielding "replicate" samples.
We analyzed the SOC concentration of a full set of archived samples, spanning a complete century from 1910 to 2016 using a common analytical method. A representative subsample of the soil samples was finely ground (<150 μm) and analyzed for organic C concentration using a CN analyzer (CE Instruments, model CN2500, Milan, Italy), after pre-acidifying soil to eliminate carbonates (Ellert and Rock 2008) . Soil OC data were statistically analyzed (PROC MIXED, SAS Institute 2008), by year, using multiple sampling locations as blocks (random factor), based on justifications described earlier (Janzen 1995; Karimi et al. 2017 ) and fertilizer treatment (four levels) and rotation (three levels) as fixed factors. The relationship between SOC and residue C inputs was analyzed by linear regression (PROC REG procedure), using estimates of residue C calculated with the approach of Bolinder et al. (2007) , which allocates C in the crop biomass into four fractions: C P , the C in the agricultural product (e.g., grain); C S , the C in aboveground residue (e.g., straw); C R , the C in roots; and C E , the C in extra-root material (e.g., exudates). The amount of C in each of these four fractions was estimated from our long-term wheat grain yields, assuming the C concentration of all plant parts was 0.45 g g −1 dry matter:
where the ratios R P , R S , R R , and R E (relative plant C allocation coefficients) are 0.239, 0.556, 0.096, and 0.109, respectively, for wheat after adjusting coefficients to account for only the 0-15 cm layer (Gan et al. 2009 ), assuming that 62% of the root biomass are located in the 0-15 cm layer (Gan et al. 2011) . Estimates of C inputs from straw were adjusted to account for a shift in harvesting procedures, in 1943, from stationary threshing (all straw removed) to combine harvesting (straw returned). Annual C input to soil (C i ) was then estimated as follows:
Results and Discussion
In 1910, prior to the establishment of the experiment, SOC in the 0-15 cm layer was about 20 mg SOC g −1 (Fig. 1) , reflecting concentrations in a native prairie. With the conversion to arable agriculture, SOC concentration quickly declined, as observed earlier (Monreal and Janzen 1993) , for about three decades, after which SOC approached an apparent steady state, with concentrations remaining slightly higher under continuous cropping (W) than in the systems with fallow (FW, FWW). Total losses in SOC since 1910 were about 20%-30% of the initial, typical of those observed upon cultivation of other grassland soils on the Canadian prairies (Janzen et al. 1998) .
Nitrogen fertilization, with or without P application, significantly increased SOC concentration (Table 1) , in agreement with other findings (Smith et al. 2015; Poeplau et al. 2017 ). Applying P fertilizer had no consistent influence on SOC concentration. For 1995 and 2003, there was a significant N × P interaction, indicating that P enhanced SOC when applied with N but not when applied alone. These SOC responses largely mirrored crop yield responses; applying P alone had little yield benefit but enhanced yields when applied with N (Smith et al. 2015) .
Much of the positive influence of fertilizers on SOC occurred within the early years after fertilizers were applied: from 1967 to 1995 (Table 1) . Thereafter, SOC concentrations were relatively consistent over time, suggesting that the soils approached a new steady state again after about two decades.
The SOC concentration was closely related to estimated C inputs from crop residues. For example, the linear relationship between SOC and cumulative C inputs was described by the following linear equations: y = 0.0015x + 8.2, r 2 = 0.69 for 1995; y = 0.0011x + 9.4, r 2 = 0.72 for 2003; y = 0.0010x + 9.7, r 2 = 0.49 for 2011; and y = 0.0011x + 10.6, r 2 = 0.61 for 2016 (all significant at P = 0.001). This implies that differences in SOC among treatments arose largely from variations in photosynthetic inputs of carbon. The regression analysis, however, does not conclusively establish cause and effect. It may be, for example, that the described relationship also reflects a positive influence of increased SOC on yield. Thus, SOC and C input (yield) may be mutually enhancing; one benefits the other through iterative feedbacks until a new steady state is reached.
Our study demonstrates the ongoing value of historical experiments, despite their acknowledged limitations (Janzen 1995; Karimi et al. 2017) , by providing data and insights of potential use to the ongoing improvement of SOC models. For example, these data show that SOC approaches steady state within a few decades, even after pronounced changes in management, such as cultivating a prairie soil, or applying fertilizers to previously unfertilized land. Such findings of multiple steady state values can only be seen in experiments lasting many decades. 
